Flow at an air-water interface is limited by drag from both the two-dimensional surface and threedimensional subphase. Separating these contributions to the interfacial drag is necessary to measure surface viscosity as well as to understand the influence of the interface on flow. In these experiments, a magnetic needle floating on a monolayer-covered air-water interface is put in motion by applying a constant magnetic force, F m . The needle velocity varies exponentially with time, reaching a terminal velocity F m /C, in which C is the drag coefficient. C is shown to be linearly proportional to the monolayer surface viscosity, s , for dipalmitoylphosphatidylcholine monolayers in the condensed phase by comparison to surface viscosity measured by channel viscometry. The study of the viscosity and flow behavior of Langmuir monolayers has a long history as monolayer rheology plays a crucial role in dynamic processes at gas-liquid interfaces in both technology and biology ͓1,2͔. There are two broad categories of surface viscosity measuring devices. The first is based on measuring the response of a monolayer to a torsion pendulum or other oscillator ͓2-4͔. The second category, typified by the canal viscometer, relies on measuring aspects of a surface pressure gradient induced flow. The surface shear viscosity is evaluated by comparing the flow to solutions of the Navier-Stokes equation appropriate to the geometry ͓2,5-8͔. For these types of viscometers, it is often necessary to determine the flow profile of the monolayer, using tracer particles, fluorescence microscopy ͓7͔, or Brewster angle microscopy ͓9͔. The variation in surface pressure in the canal viscometer also makes it difficult to assign a particular surface pressure to a given surface viscosity, especially at phase coexistence where large variations in monolayer morphology occur over small changes in surface pressure.
The study of the viscosity and flow behavior of Langmuir monolayers has a long history as monolayer rheology plays a crucial role in dynamic processes at gas-liquid interfaces in both technology and biology ͓1,2͔. There are two broad categories of surface viscosity measuring devices. The first is based on measuring the response of a monolayer to a torsion pendulum or other oscillator ͓2-4͔. The second category, typified by the canal viscometer, relies on measuring aspects of a surface pressure gradient induced flow. The surface shear viscosity is evaluated by comparing the flow to solutions of the Navier-Stokes equation appropriate to the geometry ͓2,5-8͔. For these types of viscometers, it is often necessary to determine the flow profile of the monolayer, using tracer particles, fluorescence microscopy ͓7͔, or Brewster angle microscopy ͓9͔. The variation in surface pressure in the canal viscometer also makes it difficult to assign a particular surface pressure to a given surface viscosity, especially at phase coexistence where large variations in monolayer morphology occur over small changes in surface pressure.
The magnetic needle viscometer, first developed by Shahin ͓10͔ and modified by Brooks et al. ͓11͔ and Ding et al. ͓12, 13͔ , is a relatively new method for measuring monolayer viscosity. Helmholtz coils with a controlled current apply a force to a magnetic needle floating on the monolayer, which drives the needle into motion. If the applied force is oscillatory, the complex shear modulus is determined from measurements of the in-phase and out-of-phase response of the resulting strain ͓11͔. If the applied force is constant, the shear surface viscosity of the monolayer can be extracted from the terminal velocity of the needle ͓12,13͔. The major benefit of both of these devices is that the surface properties can be measured at constant surface pressure.
To extract the surface viscosity ͑or complex shear modulus͒, the terminal velocity of the needle, v f , was assumed to be linear in the surface viscosity, s , for a given applied force. This is the result for a simple two-dimensional Couette flow ͓11,13͔. This simplified flow assumption has been called into question by a recent theoretical analysis for a needle dragged across a laterally infinite water pool whose depth is small compared to the needle length ͓14͔. In this theory, the drag on the needle depends on the square root of the surface viscosity when the ratio of surface drag to subphase drag ͑Boussinesq number, Bo͒ is of order 1. The drag on the needle approaches a linear response only when Boӷ1 ͓14,15͔. However, in our experimental apparatus, the needle moves in a channel the width of which is similar in magnitude to the water depth ͓12,13͔, which should result in a stronger dependence of the drag on the surface viscosity. Hence, it is necessary to determine the dependence of the surface drag on the surface viscosity over a range of Bo.
The surface viscosity of lipid monolayers is a strong function of the area per molecule, A, at the interface. For lipid monolayers in the condensed phase, experimental values of the surface viscosity determined from surface pressure driven flow in a channel viscometer are well correlated by a free-area model ͓5,8,16 -18͔:
The free surface area, A f , is the difference between the area/ molecule, A, and the minimum required area/molecule, A 0 ͑taken to be the limiting area/molecule in that phase͒: A f ϭAϪA 0 ͓5,18͔. This model is the two-dimensional analog of the classic free volume model developed to describe liquid viscosities ͓16,17͔. From this model, a wide range of surface viscosities can be correlated with just a few parameters over a wide range of Bo. We developed a direct method of measuring the absolute drag on the magnetic needle to determine the drag coefficient for DPPC ͑1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine͒ monolayers. The drag coefficients measured with the magnetic needle viscometer were compared to literature values of DPPC surface viscosity as a function of molecular area. The measured drag coefficient is well correlated by the free area model ͓Eq. ͑1͔͒ and gives the same dependence on the free area as the surface viscosity data of Sacchetti et al. ͓5͔ . This confirms that the drag coefficient is linearly propor-*Author to whom correspondence should be addressed at Department of Chemical Engineering, University of California, Santa Barbara, CA 93106-5080. FAX: 805-893-4731. Email address: gorilla@engineering.ucsb.edu tional to the surface viscosity of monolayers of lipids in the condensed phase over a wide range of Bo. Hence, for the drag on a magnetic needle in a channel, the flow is similar to two-dimensional Couette flow ͓11͔, and is linear in the surface viscosity for BoϾ1.
DPPC was purchased from Avanti Polar Lipids ͑Alabas-ter, AL; purityϾ99%͒. Monolayers were formed by spreading the appropriate amount of a 1 mg/ml chloroform solution onto pure Millipore water ͑18 M⍀ cm resistivity͒ in a custom-built Langmuir trough ͓13͔ maintained at 25°C. The trough was positioned between two Helmholtz coils to create a homogenous magnetic field gradient at the air/water interface and thus a constant magnetic force, F m , when interacting with the permanent magnet in the needle. A channel, 14 mm wide, formed by two glass plates, was made along the axis of the magnetic gradient to direct the magnetic needle across the trough. The magnitude of the magnetic field gradient was adjusted by varying the current in the coils via two power supplies. A video camera directly above the channel recorded the needle motion; the video signal was digitized and the needle velocity derived from these images. The terminal needle velocities used for measurements range from about 1-15 mm/s. The estimated shear rate ͑terminal velocity/channel half width͒ varies from about 0.01-2 s Ϫ1 . There was no variation in the measured surface drag over these shear rates. A more detailed description of the magnetic needle viscometer can be found in Ref.
͓13͔.
The motion of the needle results from the competition between the inertia due to the needle mass, m, the applied magnetic force, F m , and the viscous drag force F, which is assumed to be linearly proportional to the needle velocity ͓13-15͔:
in which C is the drag coefficient. C contains contributions from the drag due to the monolayer and the subphase ͓13-15͔. On application of the magnetic force, the needle moves according to the force balance,
the solution to which is Figure 1 shows the needle velocity profile at the air-water interface and the corresponding fit to Eq. ͑4͒. The needle does not move instantly when the magnetic field is switched on. Short-range capillary attraction ͑the characteristic length scale for capillary forces, (␥/⌬g) 1/2 Ϸ2 -3 mm; ␥ is the surface tension, ⌬ is the density difference between water and air, and g is gravity ͓19͔͒ between the needle and the walls of the trough must be overcome before the needle can move according to Eq. ͑4͒ ͓19,20͔. A delay time, t 0 , was introduced as a fitting parameter to compensate for this behavior at small t. After t 0 the needle velocity is well described by Eq. ͑4͒, the average errors being less than 5%, justifying the assumption that the drag force is linearly proportional to the needle velocity. The terminal velocity and the startup velocity are determined from a fit to Eq. ͑4͒.
F m is set by the interaction of a permanent magnet in the needle with a constant magnetic field gradient along the axis between two Helmholtz coils,
in which is the magnetic dipole moment of the needle, 0 the permeability constant, N the number of turns in the coils, R the coil radius, I A and I B are the currents in the coils, and x is the distance from coil A. F m is constant over the length of the needle channel if L, the distance between the coils, equals twice the radius, R, of the coils, and the same magnitude, but opposite direction current in the two coils I A ϭϪI B , is applied. A Gauss meter was used to check the predictions of Eq. ͑5͒, which was valid within a few percent over the entire gap between the coils ͑data not shown͒. From Eq. ͑5͒, F m is proportional to the magnitude of the applied current:
is a parameter that depends on the needle size, shape, and magnet, but is independent of the subphase and monolayer. was determined from the asymptotic variation of v for t close to t 0 : The slope of the needle velocity vs time curve ͑Fig. 1͒ for different applied currents (I A ) determines the relationship between F m and I A . F m was evaluated according to Eq. ͑7͒ for bare water and for a DPPC monolayer in the liquid condensed ͑LC͒ phase as a function of I A in Fig. 2 . All the experimental points follow the same line with an average slope ϭ0.35 N/A for this needle ͑the offset from the origin is due to the time delay t 0 ). Knowing the absolute value of the magnetic force, F m , the drag coefficient, C ϭF m /v f , can be calculated ͓Eq. ͑4͔͒ from the terminal velocity, v f , and checked for self-consistency. The measured values of C for a bare water and a DPPC monolayer covered interface were roughly Gaussian with their respective maxima at 0.04 and 0.11 mN s/m ͓21͔, independent of applied current from 1-5 A; the width of both distributions at half-maximum was about 0.01 mN s/m.
Although the phase behavior and structure of DPPC monolayers is well known ͓22-26͔, there are surprisingly few systematic measurements of DPPC surface shear viscosity over a wide range of Boussinesq number, Bo ͓5,8,18͔. The most reliable data is probably that of Sacchetti et al. ͓5͔ , who measured DPPC shear viscosity in the condensed phase using canal viscometry and correlated the data with a free area model ͓5͔. An additional complication is that the canal viscometer requires a variation in surface pressure along the length of the channel to induce the flow ͓5͔. Hence, the actual surface pressure ͑or area per molecule͒ at which the surface viscosity is being measured is more ambiguous than the experiments reported here. To minimize these effects, both surface viscosity and drag coefficient data were fit to the free area model ͓Eq. ͑1͔͒ to determine the relationship between the experimentally measured absolute drag coefficients with surface viscosity.
From theory ͓11,14,15͔, the drag coefficient of a needle at an air-water interface covered by an insoluble monolayer should depend on the surface viscosity as a power law with exponent, 0рnр1, although n may vary depending on the Bo number ͓14͔.
For n constant, C should obey the free area model of Eq. ͑1͒:
C w is the drag on a bare water interface. Comparing Eq. ͑9͒ with Eq. ͑1͒ shows that the parameter B of the free area model for surface viscosity is simply related to that for the drag coefficient, BϭBЈ/n, for constant n. For nХ1, B ХBЈ. Figure 3 shows the drag coefficient, C, for a DPPC monolayer on water at 25°C as a function of the area per molecule A ͑A was determined from the isotherm at a given surface pressure, ͒. The plateau in the isotherm at ϳ12 mN/m locates the first order phase transition between the liquidexpanded ͑LE͒ to the liquid condensed ͑LC͒ phase ͓24͔. For below the plateau, C is roughly constant at 0.05 mN s/m ͓21͔, slightly above that for the bare interface, C w . In the LC phase, the drag coefficient increases steadily and the surface viscosity dominates the flow. 4 ͑bottom͔͒. Both fits are very good suggesting that the free area model correlates both the surface viscosity and the absolute drag coefficient. This confirms that the drag coefficient can be expressed as a single power law in the surface viscosity over the range of Bo we examined here, 1ϽBo Ͻ10. For the surface viscosity data of Sacchetti et al. ͓5͔ , the best fit to Eq. ͑1͒ gives 0 ϭ7.9Ϯ5ϫ10 that measured directly, 0.04Ϯ0.01 mN s/m.
Within experimental error, BϭnB, suggesting that the power law exponent is constant and equal to 1. Hence, the drag coefficient depends linearly on the surface viscosity for the Bo range of about 1 to about 10 for this experiment. As the approximation that the drag coefficient is linear in surface viscosity improves with increasing Bo, this means that the viscosity ratios measured in Ref. ͓12͔, in which 1ϽBoϽϳ500, are accurate.
From our results, it follows that Bo should give a good approximation of how C depends on the geometry of experiment and the needle diameter ͓11-13͔.
͑10͒
is the subphase viscosity, L c Ј and L c Љ are the characteristic length scales for shear in the surface and subphase, P c is the contact perimeter between the needle and the interface, and A c is the contact area between the needle and the subphase. Decreasing the channel width from 14 to 9 mm does not
Hence, the measured drag coefficient at a given surface pressure ͑or equivalently, area per molecule͒ for the smaller channel should increase by the same ratio independent of the magnitude of the surface viscosity. Figure 5 shows (CϪC w ) for the narrow channel is consistently about 2.5 times that of (CϪC w ) for the wider channel over almost 3 decades in mN s/m. For a given channel width, P c /A c can be varied by changing the diameter of the needle. The surface drag for a DPPC monolayer was measured using four different needles of the same length ͑3 cm͒ but with diameters of 1.4, 2.0, 2.3, and 3.3 mm. As expected, the surface drag ͓Fig. 6 ͑top͔͒ increases with the needle diameter and the scaling factor between needles is the ratio P c /A c ͓Fig. 6 ͑bottom͔͒.
Characterizing the mechanical properties of complex monolayers is important to understanding the relationships between monolayer composition, structure, and function. The magnetic needle viscometer described here allows for quick measurements of the drag on a magnetic needle at a monolayer-covered interface at a known and constant surface pressure ͑or equivalent area/molecule͒. This is especially important to measure surface viscosity in the vicinity of first or second order phase transitions at which the properties of the monolayer may change dramatically with small changes in surface pressure ͓13͔. Monolayers at coexistence can also be investigated with minimal disruption of the distribution of coexisting phases ͓12͔. However, to analyze the data from the viscometer, it is important that the drag coefficient is simply related to the surface viscosity over the useful range of experimental parameters, especially Bo, the ratio of surface drag to subphase drag. We have shown that the drag coefficient is linearly related to the surface viscosity for BoϾ1 by comparing surface viscosity data of DPPC from a channel viscometer with the absolute drag coefficient measured by our needle viscometer. All of the necessary instrumental parameters of the needle viscometer are measured directly, with no assumptions regarding the relationship between drag and surface viscosity. Hence, after calibration to known surface viscosities ͓13͔, the magnetic needle viscometer is a reliable method for measuring surface viscosity.
